Composites modified with nanoparticles are of interest to many researchers due to the large surface-area-to-volume ratio of nano-scale fillers. One challenge with nanoscale materials that has received significant attention is the dispersion of nanoparticles in a matrix material. A random distribution of particles often ensures good material properties, especially as it relates to the thermal and mechanical performance of composites. Typical methods to quantify particle dispersion in a matrix material include optical, scanning electron, and transmission electron microscopy. These utilize images and a variety of analysis methods to describe particle dispersion. This work describes how photoluminescent spectroscopy can serve as an additional technique capable of quickly and comprehensively quantifying particle dispersion of photoluminescent particles in a hybrid composite. High resolution 2D photoluminescent maps were conducted on the front and back surfaces of a hybrid carbon fiber reinforced polymer containing varying contents of alumina nanoparticles. The photoluminescent maps were analyzed for the intensity of the alumina R1 fluorescence peak, and therefore yielded alumina particle dispersion based on changes in intensity from the embedded nanoparticles. A method for quantifying particle sedimentation is also proposed that compares the photoluminescent data of the front and back surfaces of each hybrid composite and assigns a single numerical value to the degree of sedimentation in each specimen. The methods described in this work have the potential to aid in the manufacturing processes of hybrid composites by providing on-site quality control options, capable of quickly and noninvasively providing feedback on nanoparticle dispersion and sedimentation.
Introduction
It is well known that inorganic nanoparticle fillers are excellent tougheners, 1 and incorporating such nanoparticles in a matrix can offer a number of improved properties such as increased mechanical performance. 2, 3 Ceramic nanoparticles are often used as fillers in an epoxy matrix to enhance mechanical properties, such as fracture toughness. 4, 5, 6 While these composites offer levels of customizability and enhanced mechanical performance, researchers have recently become interested in using such nanocomposites as the matrix materials for fibrous composites. 7, 8 A fibrous composite with an additional nanoparticle filler offers even more enhanced mechanical properties, such as improved fatigue life. [9] [10] [11] Specifically, a carbon fiber composite modified with additional nanoparticles is commonly referred to as a hybrid carbon fiber reinforced polymer (HCFRP). Whether in high-performing composites or other applications, particle dispersion is important for many properties, including strength, modulus, and fracture toughness. [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] While there are a few methods to improve dispersion, such as the use of ultrasonic waves, 22 achieving good dispersion of nanoparticles is known to be very difficult, with challenges such as agglomerations and sedimentation often encountered at high particle loadings. 20 Since particle dispersion is important in many fields, researchers have developed a number of ways to quantify the dispersion of nanoparticles in a matrix material. A traditional technique is to use micrographs of the material to either qualitatively show particle dispersion, or-typically more demanding-quantitatively define dispersion through a variety of analysis techniques. [23] [24] [25] Additionally, X-ray scattering has also been used to characterize the morphology of a composite. 26 Previous work has also shown that 2D photoluminescent (PL) mapping can serve to quantify particle dispersion in an epoxy composite. 27 One benefit of PL mapping is that it can effectively capture large scanning areas in situ, and also yield fast dispersion analysis based on photoluminescent intensity. This work shows how photoluminescence can be applied to hybrid composites, where particles are embedded with other fillers, providing a method that utilizes high-resolution 2D PL mapping to quantify trends in particle dispersion, as well as particle sedimentation.
Alumina Nanoparticles
The a-alumina nanoparticles used in this study were provided as nanopowder from Inframat Advanced Materials, USA. The nano a-alumina had a purity of 99.85%, an average grain size of approximately 40 nm, an average particle size of 150 nm, and a multi-point specific surface area (SSA) of approximately 10 m 2 /g, as per the manufacturer's specifications. 28 The intense fluorescence lines used in the spectroscopic analysis, referred to as R-lines, are due to the trace Cr 3þ ions in the a-Al 2 O 3 nanoparticles. 29 In the crystal structure of alumina, the trace Cr 3þ is located at a site with trigonal distortion. This distortion, as well as the spin-orbit coupling, results in doublet fluorescence peaks, where the higher intensity peak is known as R1 and the lower intensity peak is known as R2. 30, 31 Hybrid Carbon Fiber Reinforced Polymer Before manufacturing the HCFRP composite panels, it is necessary to prepare a resin formulation containing the desired weight percentage of alumina nanoparticles. The alumina nanoparticles were carefully weighed and the appropriate quantity of epoxy resin (EPON 862, Momentive Materials, UK) was added. This mixture was hand-mixed to ensure a relatively even dispersion of particles in the mixture. The mixture was then placed in an ice bath and sonicated using an ultrasonic processor (20 kHz Ultrasonic Processor, Cole Parmer, UK) for an additional 20 min. The sonication breaks up agglomerates of particles, which were noted to otherwise settle in the mixture prior to cure. Finally, after sonication, the stoichiometric quantity of hardener (Epikure 3402, Momentive Materials, UK) was added and the mixture was mechanically mixed for a further 15 min at 200 rev/min, followed by degassing in a vacuum oven for 20 min.
The HCFRP composite panels were manufactured using the resin infusion under flexible tooling (RIFT) technique. 9 Dry fiber-cloth pieces of UTC400 (Marineware, UK), were cut and laid up in a unidirectional sequence. These were then covered with a flexible polymer film and placed under vacuum. The alumina-infused resin mixture is then drawn into the fiber layup under vacuum, achieving a composite that is free of voids. Four hybrid composite panels were manufactured, each with a carbon fiber volume fraction of 57% AE 3%, in a matrix of epoxy containing alumina nanoparticles at contents of 5%, 10%, 15%, and 20% by weight. Rectangular testing coupons were then cut with dimensions of 100 mm Â 10 mm, and a nominal thickness of 3 mm, for experimental testing. Figure 1a -d shows SEM images of the stitching points of each specimen, while Figure 1e -h shows optical images of the surfaces of the 0% by weight alumina control specimen and maximum 20% by weight specimen. By visual inspection, it was seen that specimens with low particle contents (such as the 0% by weight control specimen, as well as the 5% and 10% by weight specimens) did not appear to have distinguishable surface defects, as can be seen in Figure 1e and f. On the other hand, higher alumina content specimens (such as the 15% and 20% by weight specimens) showed signs of incomplete fiber wetting as shown in Figure 1g , as well as regions of particle agglomerations at stitching points as shown in Figure 1h .
Experimental
A laser source with a 532 nm wavelength was used in conjunction with a novel portable piezospectroscopy system (PPS). 32 The laser power was measured at the probe to be 15.12 mW, and an exposure time of 200 ms was chosen for data acquisition. By holding such parameters constant in all experiments, a global study of all samples was possible, enabling front-to-back comparisons of each specimen, as well as specimen-to-specimen comparisons.
Prior to each dispersion map, the laser was focused onto the surface of the specimen, and all necessary parameters, such as the map size and the spectral resolution, were set in the PPS system. Relevant experimental parameters for the dispersion maps can be found in Table 1 . As the laser probe is moved across the specimen by a series of x-y-z stages, the emitted spectrum from the embedded alumina nanoparticles was collected by the charge-coupled device (CCD) every 200 mm. The probe moved horizontally 12 mm across the specimen's width, and was then lowered down 200 mm to the next row, and scanned back in the opposite horizontal direction. After continuing in this 'snake-scan' pattern, the PPS system collected 15 000 R-line spectra from the specified region of interest (12 mm Â 50 mm) as shown in Figure 2 . In this map, each pixel has a corresponding R1 intensity, which fluctuates depending on the amount of alumina present at that location. 27 
Results
This section will present the results of the HCFRP photoluminescent maps, including the R-lines from each specimen and the R1 intensity maps.
Each side of each specimen was labeled either A or B and, as can be seen in Figure 3 , alumina's typical R-lines were detected on each surface. One feature that can especially be seen in Figure 3c is the highly sloped baseline of the R-lines. The sloped baseline can be attributed to the PL emission of the epoxy, which is governed by factors such as the curing process, 33 gaining significance over the R-line emission from the alumina. The more intense response from the epoxy that was observed in the 15% by weight specimen's R-lines corresponds to a thin yellow epoxy film observed through visual inspection, which developed during the manufacturing process of that specimen. While affecting the baseline, this yellow film did not affect the expected position of the R-lines.
The final photoluminescent maps plotting the R1 intensity from the embedded alumina nanoparticles can be seen in Figure 4 . The plotted color-bar maximum is the same for side A and side B of each specimen, but is different for each specimen in order to better observe local dispersion trends. As can be seen in Figure 4a and b, the particle dispersion maps for the 5% and 10% by weight specimens are relatively uniform. Additionally, both sides of the specimen have relatively the same spatial intensity characteristics. Well-dispersed particles and low sedimentation are expected in low-particle-content composites due to reduced particle-to-particle interaction and enhanced particle suspension in the matrix epoxy. On the other hand, it can be seen in Figure 4c and d that the dispersion maps for the 15% and 20% by weight specimens show nonuniform particle dispersion, and there are large differences between the front and back sides of the specimens. With higher particle content, this is expected due to increased particle sedimentation to the bottom surface during the specimen curing process.
Quantifying Dispersion and Sedimentation
Particle agglomerations, or groups of particles that have collected due to particle-to-particle interactions, are an expected consequence of composites with a higher particle content. Agglomerations introduce nonuniformities in the material, which also produce nonuniformity in the composite's mechanical properties. In the photoluminescent dispersion maps, the particle agglomerations are represented by higher intensity pixels. These hotspots of intensity can be seen clearly in the 15% and 20% by weight specimens in Figure 4c and d. Interestingly, the agglomerations are not random, and follow specific spatial location patterns that are consistent with the stitching required in the manufacturing of unidirectional fibrous composites. Due to the predictable and uniform spatial location of agglomerations, it is evident that, as the resin was being infused into the composite, the particles began to build up at the stitches, which interrupted the resin flow. Furthermore, the overall particle dispersion of each specimen can be well represented by a histogram. In this work, the x-axis of the spatial intensity histograms is the R1 peak intensity, which is an arbitrary unit (AU) detected by the CCD, and the y-axis is the count of pixels at that specific intensity. As shown in Figure 5 , a specimen with uniform particle dispersion would be represented by a high pixel count peak with a very narrow full width at half maximum (FWHM). On the other hand, a specimen with nonuniform particle dispersion would have a short peak with a large FWHM.
A dispersion histogram for each specimen at 5%, 10%, 15%, and 20% by weight alumina is shown in Figure 6a -d, respectively. Each plot overlays the dispersion histogram of both the front and back sides. Additionally, Figure 6e shows a global plot that compares the dispersion histograms of each specimen's higher intensity side. Based on the R1 intensity histogram interpretation in Figure 5 , and the global histogram of Figure 6e , the 5% and 10% by weight specimens have uniformly dispersed particles, and the 15% and 20% by weight specimens have nonuniformly dispersed particles.
The photoluminescent maps in Figure 4 can be used to also quantify sedimentation by comparing the front and back sides of each composite, arriving at a single numerical value that quantifies the sedimentation in each specimen. Sedimentation refers to the nonuniform dispersion of particles through the thickness of the composite, which can occur as particles gravitate to the bottom of the HCFRP panel during the curing process of the composite. Quantifying the particle sedimentation is done by first calculating the surface integral of each photoluminescent intensity map as shown in Eq. 1, where R(x,y) is the R1 intensity measured in AU at a given x and y location in meters, and I is the surface integral of the intensity map in units of m 2 Â AU
Using the experimentally acquired PL maps from each surface, this surface integral can be estimated by the summation shown in Eq. 2, where R n is the R1 intensity at the nth pixel, x n is the horizontal dimension of the nth pixel, y n is the vertical dimension of the nth pixel, and N is the total number of pixels. This summation can be further simplified by equating the summation of the x n and y n dimensions to the total dimensions of the map, X and Y, as shown in Eq. 2
It is important to point out that this estimation and subsequent sedimentation analysis utilizes a few assumptions. One assumption is that each map is acquired at the same resolution with the same focused laser, and consistent acquisition parameters. Otherwise, changes in intensity cannot be confidently attributed to varying particle content. Another assumption is that the laser's focal spot equally penetrates the surface of each specimen with equal spectral fluence. It is important to discuss this assumption, especially if an assessment between materials of different opaqueness is desired. For example, if this analysis was employed to compare a hybrid carbon fiber composite and a bulk alumina nanocomposite, careful consideration would be required to ensure that this assumption is reasonable.
In this work, the total number of pixels in each map was 15 000, and the horizontal and vertical dimensions of the map were 12 mm and 50 mm, respectively. The calculated summation results in a value that is representative of the alumina content of each surface, which is provided in Table 2 for each HCFRP specimen. Additionally, Eq. 3 shows I, the average of the surface integrals of side A and B, which can be thought of as the originally desired alumina content of each surface
By taking the difference of the integral of sides A and B with respect to the average I, a normalized single value representative of the fractional change of alumina content, S, can be calculated and is referred to in this work as the sedimentation coefficient The fractional change S naturally ranges from 0 to 2, with the lower extreme (S ¼ 0) resulting when I A ¼ I B , signifying that sides A and B have the same PL intensity and therefore no sedimentation. On the other hand, the upper extreme (S ¼ 2) occurs when I A ¼ 0 and I B 6 ¼ 0, showing complete sedimentation in which all the particles settle from side A to side B. Another benchmark coefficient is S ¼ 1, which occurs when I A À I B ¼ I. In other words, S ¼ 1 occurs when the difference between sides A and B is equivalent to the average of sides A and B. Since S ¼ 1 suggests that a particle amount equivalent to the average particle content of sides A and B has settled, it can be thought of as a threshold between moderate to severe sedimentation. It is important to note that it is up to the discretion of the individual researcher to identify a threshold of acceptable sedimentation (likely within the range 0 < S < 1) based on the specific application of the material and its sensitivity to particulate sedimentation. Therefore, the suggested threshold of S ¼ 1 is not a threshold of acceptable sedimentation in composite applications, but rather a way to identify severe sedimentation (1 < S < 2) that is typically accompanied by large regions of missing particle content on side A.
The experimental sedimentation coefficient S for each HCFRP specimen has been tabulated in Table 2 and compliments the above analysis of the sedimentation coefficient. It can be seen that specimens with coefficients in the severe region (1 < S < 2) had large regions of negligible PL signal on side A, as was seen in the large gray areas of Figure 4c and d. The sedimentation coefficients are also plotted in Figure 7 , with S ¼ 1 shown as the suggested threshold between moderate and severe sedimentation. It can be seen that the 5% and 10% by weight specimens exhibit very low sedimentation, while the 15% and 20% by weight specimens exhibit severe sedimentation.
Conclusions
This study has shown that 2D photoluminescent mapping can be used successfully to characterize both particle dispersion and sedimentation in a hybrid composite containing photoluminescent particles (a-alumina). Analysis of photoluminescent intensity maps provided insight into the distribution of particles within the composite. A quantitative comparison, based on a surface integral approach, of photo-luminous intensity between the top and bottom surfaces of a hybrid composite has been used to define a sedimentation coefficient, S. Based on this approach, an S value less than 1 indicates moderate sedimentation, while values greater than 1 indicate increasingly severe sedimentation. The simplicity, portability, and versatility of this technique will allow composite manufacturers to study the effect of different particle materials, sizes, or treatments and their subsequent effect on sedimentation and dispersion through a non-contact and fast laser-based method.
